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FOREWQORD

Contract Nonr-1675 (00) was awarded to Bell Aircraft Corporation

by the Office of Naval Research under sponsorship of the Army Transportation

Corps.. This is one of a series of five study contracts let to investigate

the apolication of various schemes to the design of Vertical Take-off and

Landing (VIOL) or Short Take-off (STO) Assault Transport Aircraft.,

The particular field of investigation at Bell Aircraft is the

application of ducted propeller propulsion systems to the design of air-

craft ~capable of performing the Assault Transport mission. The results

of the investigation are presented in the following listed reports:

TITLE REPORT NUMBER
Summary Report D181-945~001
Design Report D181-945-002
Survey of the State of the Art D181-945-003
Perfcrmance D181=-9L5-004
Stability and Control D181~945=005
Duct and Propeller Analysis D181~945-006
Preliminary Structural Analysis D181~-945=~007
Standard Aircraft Characteristics D181~945-008

D181-945-002
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I. SUMMARY

The material presented herein comprises the design studies which
were accomplished in fulfillment of the work statement of Contract Nonr
1675(00), Ducted Propeller Assault Transport Study. The calendar period
of 1 May 1955 through 15 May 1956 is the elapsed time through which the
contract extended'and during which the presented work was performed.

In general presentation of the material in this report conforms
with the chronological order of the studies as they were accomplished. |

General and specific studies of drive systems and ducted propel-
ler arrangements are presented. Then, initial exploratory configuration
studies were made to evaluate the practicability of various duct and
transmission arrangements.

A preliminary study configuration (Twir. Duct) was selected in
order to obtain integrated aerodynamic, structural and design data and
experience upon one specific aircraft. The results of the design studies
performed on this airplane are presented and served as the basic point of
departure for the specific configuration design studies that followed.

With the background from these previous studies, a configuration
was evolved which appears to approach the solution for a superior assault
transport aircraft. A fairly extensive preliminary design analysis is

presented for this aircraft configuration.

D181-945-002 Page 1
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II. INTRODUCTION

The work statement for the present Contract Nonr 1675(00) states that
configuration design studies will be accomplished to investigate the practical
applicatiou of ducted propeller units to assault transport aircraft. Design
studies were designated in several broad categories as follows:

1., Determination of practical systems of power transmission to the
ducted propellers.

2, Conduct introductory studies of assault transport configurations
utilizing the results of the propulsion system studies.

3. Accomplish a brief preliminary design of a promising configura-
tion for an assault transport capable of meeting the requirements designated
for the study.

With exception of several additional items, the design work has
‘generally followed the above-listed work outline. These additional items
were:

L. Design aspects of the safety considerations for VTOL aircraft.

S. Supporting design work necessary for assisting the wind tunnel
ducted propeller model testing program which the University of Wichita is
conducting under a separate ONR contract.

The amount of effort available to the configuration studies under
the contract was somewhat restricted since the major emphasis in the program
was, of necessity, placed on the investigation and determination of the ducted

propeller units, which were the single most important and relatively undefined

D181-9L45-002 Page 2
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basic component of the aircraft design. However, the large portion of the

design work accomplished was suppurted by additional funds which were sup=-

plied by the Bell Aircraft Corporation.

D181-945~002 Page 3
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III. PROPULSION SYSTEM DESIGN STUDIES

A, General
At the onset of the study, it was evident that the major unknown

guantity in this study of a practical assault transport aircraft was the
duct-propeller propulsion system. A limited amount of design data was

available from the original brief studies which preceded the contract !

period,

It was realized that the size and weight of the aircraft is, to a
large extent, determined by the propulsion system which is necessary to
provide the VTOL capability. Therefore, it was necessary to determine the
lightest possible system consistent with reasonable development, fabrica-
tion and maintenance of the components.

The turbine-propeller powerplant is considered necessary to the suc-
cess of any ducted propeller VTOL transport, and any improvement in the en-
gine characteristics is immediately reflected in better aircraft performance
or increased paylcad capability or allows the design of a lower gross weight
aircraft. The requirement of take-off operation at 6000 feet altitude on a
95°F day is also a factor which must be considered in the selection of the
power plant.

The app—oach to the design of the propulsion system was shaped about
the progress of the acrodynamic analytical studies of ducted propeller units.
While the basic investigations were in progress, design studies of an explora-

tory nature were conducted to obtain trend data on the variation of system

D181=~545-002 Page L
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characteristics. Then, as soon as initial design data became available, a
preliminary study configuration was selected as the object of more detailed
investigations. The design knowledge gained from the propulsion system

work on this preliminary configuration was then applied on the design studies

of other configurations which eventually resulted in the final aircraft system

arrangement.

B. Propeller Drive System Study

The original studies of the ducted propeller aircraft were based upon

a ducted propeller units at each wingtip. However, thes results of a brief
parametric study of possible drive systems showed a decrease in total pro-
pulsion system weight when a number of smaller ducted propeller units of
egquivaient total area is substituted for the twin ducts. An aircraft and
drive system arrangement was briefly investigated (Fig. 1) in which the duct
units were grouped in four pairs, a pair at each wingtip and a pair under
each inboard wing panel. This study resulted in a complex system of gear
boxes and intercomnecting shait:ng, and it was concluded that the problems
encountered in designing, developing and maintaining the system would more

than offset the relatively small weight saving derived.

Twin Duct System Design

A preliminary two duct configuration was established to be used as
a basic design for aerodynamic analyses of a typical ducted propeller trans-
port. Since it was desirable to obtain design data on a twin duct propul-

sion system, thc same configuratior was also adopted as the subject for an

D181=-9LE~-002 Page 5
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intensive design study. The general arrangement of this study configuration
is presented in Fig. 2.

The duct and propeller design requirements established by the
Aerodynamic analyses were integrated into the drive system study. The pro=-
peller diameter was estabhlished by practical ground clearance requirements
and the propeller blade tip speed set by aerodynamic considerations deter-
mined the propeller rotational speed. The powerplant selected for the con-
tiguration was the Wright TL9 turboprop engine with a basic shaft speed of
8000 rpm. The weight of the interconnect shafting can be held to a minimum
by transmitting the power at a high rpm. Therefore, the standard TL9 reduc-
tion gearing was replaced by a single one to one ratio spiral bevel pair
which would transmit the power to the outboard locations through the lightest
practical shafting system. A section view of the engine gear box appears in
Fig. 3. The unit was designed for assembly on the basic engine with the re-
duction gear box removed. A sprag type overrunning or freewheeling clutch
is installed to allow single engine operation of both propeller units through
the interconnect shaft (bottom of gearbox). Spherical couplings allow angular
motion of the shafts with respect to the gearbox thus preventing extraneous
distorting loads on the gear casing.

The complete propeller drive system is presented in a sectional view
on Fig. L. The power is transmitted by the torque tube into the duct gear
box which reduces the speed through a right angle bevel pair énd a single

stage of planetary gearing to the desired propeller speed. The system was

D181~54L5=002 Page 7
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designed in fairly complete detail in order that reasonable weight estimates

could be obtained for typical drive systems.

Four Duct System Design

In order to round out the picture of powerplant system design. several
four duct configurations were studied. In these arrangements a pair of coupled
engines were used to drive an outboard propeller and a single engine drove a
mid-wing mounted duct (Fig, 5). The six engines were not intercomnected
mechanically since a catastrophic situation does not accompany a single engine
failure in this case. In these studies, as before, it was found that appre-
ciable weight savings were realized by transmission of power at the basic
engine speed and that the number of gear boxes in the system should be held
at the lowest practical minimum.

The simplest and most direct approach to the drive system problem was
found to be the conventional engine gear box mounted propeller. Although
there are certain complications due to location of the engines in the duct
centerbodies, the drive syste- veigh!{ and complexity are reduced to the prac-
tical minimum. It was found that a coupled engine could be installed in the
outboard duct centerbody and that a single engine would drive the inboard
propeller. These designs are referred to as the four duct tilting engine

configurations, an example of which is seen in Fig. 6.

C. Duct Design and Inlet Flaps

The basic duct section was chosen to be a constant area channel from

the. propeller station back to the duct exit. However, the results of the

D181-945-002 Page 11
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aerodynamic studies have indicated the necessity of variable duct inlet area
to maintain propeller efficiency through the required range of forward flight
speeds. The design study of this feature for the full size duct has been
based upon the concept of modifying the leading edge of the duct profile.

The ideal inlet shape for the duct at static operating conditions is
the bell-mouth or nozzle contour. For flight operation the most efficient
inlet will have a thin lipr forming a non-converging duct or even a diffuser
section. To obtain efficient propeller operation at static conditions and
during forward flight, it may be necessary to provide a variable position
leading edge to form suitable inlet shapes at the various operating conditions.

Initial studies showed the impracticability of flaps which could be
folded back against the exterior;surface of the duct chiefly because of the
incompatible curvature of the flap segments and the duct surface.

The feasibility of retractable flapped leading edge extensions was
briefly studied with the result that a tracked flap extension system similari
to a Fowler flap device was designed,

A third method was investigated using the simple flapping of the duct
leading edge ahead of the propeller. This has proved to be the least complex
and most practical of the methods investigated, and will be used if the aero-~
dynamic performance of such an inlet is acceptable., The flap segments are
simultanecusly pushed out by means of several actuators located within the
duct profile, A positive 1ocking'system is used to hold the flaps closed in

event of power loss.

D181-945-002 Page 1l
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Fig. 7 shows the practical variable inlet duct design which has re-
sulted from the study. The duct leading edge is opened out to form a modi-
fied bell mouth inlet when the system is operating at static take-off condi-
tions., After transition into forward flight the flaps fold in to form the

high speed low drag duct contour necessary for good forward flight perform-

ancee.

D. Duct Rotation System.

A typical system devised for rotation of the ducted propeller units
is presented in Fig. 8. Although it is shown for a four duct installation,
the basic element of coordination is evident. It is imperative that all the
ducts move in unison so that no unusual thrust conditions will occur during
duct rotational phases. A standby system will operate from the auxiliary

power source in case of a primary system failure of any sort.

E. Powerplant Selection.

In the course of the design studies, turboprop engines in the 3000 HP
to 10,000 HP range were considered in specific configurations. Engines that
were considered included the TSh; T56, TLS, RB109, and Allison 550Bl turbo-
props. Advanced types such as the RB109 and the Allison 550Bl1 which will be
available in the pre-1960 era have proved to be very good for application to

the ducted propeller transport design.,

Reduction Gear Designe.

In general, the propeller speeds suitable for ducted propeller opera-

tion are higher than the corresponding bare propeller required rpm. In those

D181-945-002 Page 15
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applications where the propeller is mounted directly to the reduction gear
outlet shaft, the weight of the gearing will be lighter than the normal lower
ohtput speed system. For simplicity and a measure of conservatism the reduc-
tion gear weight has been assumed equal to the basic engine gear box weight.
In those instances where twc engines are coupled to drive a contra-rotating
propeller, the basic engine reduction gear box weight is again used in the
estimations of the redesigned gear box.

For those configurations where the power is shafted from the engine
to separate propeller locations, it was determined that the highest practical
shaft speed should be used to minimize weight. This indicates that the nor-
mal engine reduction gear box should be removed and replaced by a simple one-
to-one ratio right angle spiral bevel gear set.

The development of reduction gear systems is necessary in both of the

types mentioned above.

Engine Operation.

The expected operational areas for the aircraft include locations at
6000 ft, altitude and 95°F temperature. Under these ambient conditions, the
standard sea level ratings of turboprop engines will be reduced by about one-
third. It has been found that it is practical to recover full sea level per-
formance by injection of water into the engines (Ref. 1). This has been
confirmed in discussions with engine manufacturers. For this study it has
been assumed that the engines will be equipped with a water injection system
to recover sea level power under hot day and altitude take-off conditions.
It may be mentioned here that water injection augmentation systems are standard

equipment on many turvojet and turboprop engines in operatibn today.
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The ducted propeller units have been designed to deliver take-off
thrust sufficient to perform normal VTOL operations at 6000 ft. and 95°F,
using the sea level power recovered by the water injection. Sea level thrust
available from this system will be about 10% greater due to the increased
density of the air through the ducted propellers at the lower altitude and
temperature,

The later stages of the study showed decided advantages for the center-
body mounted tufboprop engines in those configurations known as the tilting
engine types (Fig. 6). The advantages gained in weight and complexity are
partially offset by the additional engine development entailed. The tilting
engine concept will require the engines to be operated in all positions from
the normal horizontal position through the vertical or zero to ninety degrees.
This will present additional lubrication problems which will require develop-
ment of a suitable system to permit operation of the engine under these new
conditions. Again it must be mentioned that several turbine engines have
already besn modified to oper~+~ under the same conditions as required in the
present case. The problem will be somewhat relieved by the limited time of
operation in the vertical and intermediate positions. The engine manufacturers
have been made aware of the possible changes in the mode of operation. It
would be advantageous to intrcduce the additional operational requirements
early in the development of any new engine which could be applied tc the
selected aircraft designs, since the features could be more easily incorpor-

ated in the development stages than in the production stages of the engine.
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IV. GENERAL CONFIGURATION STUDIES

The major design factors which were considered in the conriguration
studies were contained in the requirements set out as the ground rulés at the
inception of the study. The aircraft size in this case was determined by
the basic paylcad required and the cargo compartment cross-section dimensions
desired. These were 35 airborne troop weighing 8000 pounds or equivalent
cargo to fit the 8 ft. by 9 ft. compartment dimension.

The vertical take-off requiremenﬁ exerted a great influence upon the
design concepts. First, the thrusting units must be arranged so that the
resultant should pass through the airplane center of gravity. Secondly, this
requirement will allow the use of higher wing loadingswhich are better suited
to the airplane cruise conditions. Also, the need for flaps to increase 1lift
coefficient at landing is eliminated, thus leading to more efficient and lighter
wing structure.

The obvious safety requirement of airplane attitude control during
partial power failure during hovering influenced the propulsion system design
so that uncontrollable moments would not be introduced under these conditions.

In addition, the operation of the aircraft as a short take-off vehicle
was considered from the outset in the concept and design of the landing gear

and aircraft structure.

B. Twin Duct Configuration.

In the early stages of tle study a preliminary two-duct configuration

was e¢stablisned to be used as a basic design for aerodynamic analyses of a
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typical ducted propeller transport aircraft. The basic propulsion units for
this design were established in the initial aerodynamic ducted propeller
studies. Preliminary aerodynamic aircraft performance analyses were to be
conducted for this configuration. The design parameters chosen for the design
were 18,000 1b. gross weight, 8000 1b. payload, and 15,000 1b. fuel. A general
arrangement of the configuration is presented in Fig. 9. It must be emphasized
that this configuration was established as a working tool from which would
evolve other more refined and realistic assault transport designs.

As stated previously, this configuration was used as a point of de-
parture for the first aerodynamic studies. It is only reasonable that this
configuration was also used as the subject of the first intensive design
studies and preliminary structural analyses. It was appreciated that the
configuration was based upon very rough assumptions, especially with regard
to the propulsion and control systems, and that there was a good likelihood
of a resulting incompatible design. Nevertheless, the information obtaired
from an integrated study of a single configuration can be very valuable as
basic data in the determination of later more realistic designs.

The description of the propulsion system design study for this aircraft
is contained in an earlier section of this report. Two T49 turtoprop engines
were selected for the powerplants and the power was shafted at high speed to
the outboard gear boxes. Freewheeling _lutches at each engine gear box and
interconnecting shaft insures a division of power to the two propellers.

The initial detailed duct and propeller studies were carried out for
this configuration (Ref. 2). A satisfactory aerodynamic design was accomplished

and a system using the physical characteristics so determined was designed in
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Figure 9. Dwg. No. D181-960-001: Twin-Duct T-49 Configuration
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a preliminary fashion (Section III). A tenth scale model of this design was
also specified for test in the University of Wichita subsonic wind tunnel.

A weight analysis of the full size system which was designed is summarized in
Table I. These data are considered to be conservative after comparison with

available data on similar items (Ref. 3).

other information gathered from sources.

marized in Table II.

landing gear were also sized for this gross weight.

TABLE I
PROPULSION SYSTEM WEIGHTS

Duct Structure (Nacelle Section)

Outer.: Shell including Leading Edge Flaps and Actuators 850 1bs,
Center Body Structure 203
Exit Stators 99
Inlet Guide Vanes 136
Support Struts 88
Actuating Mechanisms 60
Total per side 1436 1bs.
Rotating Components
Engine Gear Box 1186
Shafts L4o
Propeller Gear Box 1345
0il System 75
Total per side 2346 1bs.

The design study was continued with this propulsion system data and

D181-945-002
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The final weight results are sum-
The design is not consistent in that the propulsion
system was designed for a 50,000 lb., take-off weight and the surfaces and
In other words, a comp-

atible design would be much heavier than the 59,000 lb. aircraft which is shown.
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TABLE II
WEIGHT ESTIMATE OF TWIN DUCT

PRELIM INARY STUDY CONFIGURATION

Dwg. D181-960-010

Wing
Tail
Horizontal
Vertical
Body
Fuselage
Booms
Landing Gear
3urface Controls
Engine Sections
Ducts for Fan and Wing Tips
Propulsion Group
Engine Installations - Two T-L9's
Gear Boxes and Drives
Engine Accessories
Lubricating System
Fuel System
Engine Controls
Starting System
Propeller Installation
Auxiliary Power Flant
Instruments
Hydraulic
Electrical
Slectronics
Furnishings
Air Conditioning and Anti-Ice

Crew (3)

Payload

Fuel

0il

Water-Water Injection

D181-945-002

Total Weight Empty

Total Useful Load

Gross Weight

CONFIDENTIAL

Weight
3500

350
600

3820
880
1500
500
2000
2872

6980
1692
600
210
L62
30
125
1930
100
175
300
800
500
6Ll

500

34070

690
8000
15000
2Lo

1000

24930
59000

Page 24




CONFIDENTIAL

BEL WW CORPORATION

C. Four-Duct Configurations.

The twin-duct configuration had been designed around the minimum
size cargo compartment to carry the specified 8000 1b. payioad. When the
aerodynamic performance studies (Ref. 4) showed the increased payload capa-
bilities of STO operation, it was decided that a larger cargo compartment
should be used to accommodate the increased STO payloads. Theréfcre, the
aircraft size was somewhat increased in order to obtain a more versitile
over-all desigh.

The estimated gross weight of the larger configuration required a
duct diameter fcr a two-duct configuration which appeared too great to allow
an adequate ground clearance angle. It was felt that a four-duct configura-
tion would relieve this situation. Also, the investigation of a four-duct
configuration was judged desirable to obtain more information for the general
powerplant system design study. The first four-duct configuration studies were
based upon propulsion systems in which a pair of coupled turboprop engines
drove a large outboard ducted propeller and a single engine of the same type
to power the inboard ducts. A typical design based upon the use of the
Allison 550-Bl engines is presented in Fig. 10.

The use of six engines occasioned a departure from the basic concepts
of two-engine operation. Mechanical interconnecting of the ducts was elimin-
ated since the multiple engine installation allows maintenance of thrust bal-
ance by engine power manipulation in cases of single engine failure. That is,
the loss of power from one of the Allison 550 units could be compensated by
immediate shutdown of the correspoading unit on the opposite wing or by partial
reduction cof power on the engines on the opposite wing to maintain thrust sym-
metry of the propeller units. The shaft lengths were kept to the minimum .
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Figure 10, Dwg No. D181-960-011 Twin-Boom Allison 550 Configuration
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and the lowest possible number of gear boxes were specified for the configur-
ation. This criteria resulted in a design in which the engines are grouped
in nacelles on each wing and the tail pipe extensions give the aircraft a

twin boom type of configuration. An estimated weight summary is presented in

Table III.

Four-Duct Tilting Engine Configuration.

In tke study of four-duct configurations, the concept of propeller
units which incorporate the turboporp engine in the duct centerbodies was
investigated. One disadvantage of this arrangement is the necessity for the
engines to operate at all angles of tilt up to 90°. Another requirement would
be the need for an auxiliary reaction control system for hovering and slow speed
operation. The advantages of the system are the elimination of shafting and
the contribution of the residual jet exhaust to the 1lifting thrust of the
cducted propeller units. Six RB109 turboprop engines are used in this applica-
tion. The six Westinghouse RB1l09 engines are located in the duct centerbodies
A general view of this configuration appears in Fig. 11, the general arrange-
ment drawing showing the over-all configuration. This was based on a rough
weight and balance analysis from which placement of major aircraft components,
determination of surface areas, and location of the propulsion units were ac-
complished. 1In the course of this work, it was found that the installation
of a single General Electric J8T engine in the aft fuselage would be adequate
to furnish pitch reaction control during hovering and slow speed flight. The
propulsion units were disposed longitudinally so that the resultant thrust

vector will act through the airplane center of gravity. A typical military
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TABLE III

TWIN BOM ALLISON 550 ASSAULT TRANSPORT
D181-960-011

Ttem
Wing
Tail
Horizontal
Vertical
Body
Fuselage
Booms and Nacelles
Landing Gear
Surface Controls
Flight Controls
Rezaction Contrcels
Engine Section (Duct Around Props)
Inboard
Outboard
Propulsion
Engines
Gear Boxes at Engines (2)
Gear Box at Inboard Prop. (2)
Gear Box at Outboard Prop. (2)
Engine Mounts
Duct Supports - Inboard
= Outboard
Rotating Mech.~ Inboard
= Outboard
Lubricating System
Fuel System
Water Injection System
Engine Controls
Starting System
Propeller Instdllation - Inboard
~ QOutboard
Auxiliary Power Plant
Instruments
Hydraulics (Brakes and Nose Wheel Steer.,)
Electrical
Electronics
Furnishings
Air Conditioning and Anti-Icing
Auxiliary Gear (Jacking, Towing)
Total Weight Bnpty
Useful Load
Crew (3)
0il - Engines
- Gear Boxes

Fuel
Water
Payload
Total Useful Load
Total Gross Weight
D181-9L 7 ~C02 CONFIDENTIAL

Weight

sL00

192
566
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